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We investigated the relationship between the tumor suppressor p53 and the hypoxia-inducible factor-1
(HIF-1)-dependent expression of the hypoxia marker, carbonic anhydrase IX (CAIX). MCF-7 (wt p53) and
Saos-2 (p53-null) cells displayed similar induction of CAIX expression and CA9 promoter activity under
hypoxic conditions. Activation of p53 by the DNA damaging agent mitomycin C (MC) was accompanied by a
potent repression of CAIX expression and the CA9 promoter in MCF-7 but not in Saos-2 cells. The activated
p53 mediated increased proteasomal degradation of HIF-1� protein, resulting in considerably lower steady-
state levels of HIF-1� protein in hypoxic MCF-7 cells but not in Saos-2 cells. Overexpression of HIF-1�
relieved the MC-induced repression in MCF-7 cells, confirming regulation at the HIF-1� level. Similarly, CA9
promoter activity was downregulated by MC in HCT 116 p53�/� but not the isogenic p53�/� cells. Activated
p53 decreased HIF-1� protein levels by accelerated proteasome-dependent degradation without affecting
significantly HIF-1� transcription. In summary, our results demonstrate that the presence of wtp53 under
hypoxic conditions has an insignificant effect on the stabilization of HIF-1� protein and HIF-1-dependent
expression of CAIX. However, upon activation by DNA damage, wt p53 mediates an accelerated degradation of
HIF-1� protein, resulting in reduced activation of CA9 transcription and, correspondingly, decreased levels of
CAIX protein. A model outlining the quantitative relationship between p53, HIF-1�, and CAIX is presented.

Tumor progression toward a more aggressive and metastatic
potential is a fundamental process, but the factors that are
required for this progression are poorly characterized. It has
been recognized for some time that the specific tumor micro-
environment is implicated not only in the malignant progres-
sion but also in the outcome of therapy (45). Hypoxia develops
in most solid tumors as a result of inefficient vascular devel-
opment and/or abnormal vascular architecture (8). Cellular
response to reduced oxygen levels is mediated by the hypoxia-
inducible transcription factor 1 (HIF-1) (47). HIF-1 is a het-
erodimer that consists of the regulated HIF-1� and the con-
stitutively expressed HIF-1� (also known as aryl hydrocarbon
receptor nuclear translocator) subunits (47). In the presence of
oxygen, HIF-1� becomes hydroxylated in the oxygen-depen-
dent degradation domain by a multimeric prolyl hydroxylase
(22, 25). Binding of the tumor suppressor von Hippel-Lindau
protein to the hydroxylated form of HIF-1� initiates ubiquiti-
nylation, targeting to the proteasome, and rapid degradation of
HIF-1� (37). In the absence of oxygen, degradation of HIF-1�
does not occur and HIF-1 binds to hypoxia-response elements
(HRE), thereby activating the expression of hypoxia-response
genes (19, 42, 47).

The mutual relationship between hypoxia and the tumor
suppressor p53 has been the subject of several studies, but the

underlying mechanisms remain ill defined (for reviews, see
references 14 and 19). Although hypoxia-induced accumula-
tion of p53 arrests replication in the absence of any detectable
DNA-damage (33), this p53 is transcriptionally impaired (5,
33). It has been speculated that the more aggressive nature of
hypoxic tumors and the frequent occurrence of p53 mutations
in advanced stages of tumor development are the consequence
of a selective pressure exerted by hypoxia. According to this
theory, hypoxia induces p53-dependent apoptosis and will
therefore counterselect cells with wild-type p53, thereby facil-
itating the clonal expansion of cells with mutant or otherwise-
compromised p53 protein function (17).

The relationship between p53 and HIF-1 function was the
subject of several earlier studies. It was reported that the loss
of p53 in the colon carcinoma cell line HCT 116 enhances
HIF-1� levels and augments HIF-1-dependent transcriptional
activation in response to hypoxia (40). HIF-1-dependent tran-
scription in a panel of prostate cell lines increased from low in
normal epithelial to high in highly metastatic cells, and this
observation was related to decreasing p53 activity in the same
direction (41). In overexpression experiments, p53 was ob-
served to downregulate HIF-stimulated transcription via com-
petition for p300 coactivator (7). On the other hand, using the
same isogenic HCT 116 p53�/� and p53�/� cells used in ref-
erence 40 no differences in hypoxic induction of hexokinase 1,
adrenomedulin, and a number of other genes were found (18).
Similarly, HIF-1� protein levels were comparable in hypoxic
HCT 116 p53�/� and p53�/� cells (1). Furthermore, the pres-
ence of hypoxia-stabilized p53 did not have any effect on
HIF-1� stabilization in RKO cells (18). Recent reviews of
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HIF-1� biology have drawn attention to these somewhat con-
tradictory observations (19, 42).

Carbonic anhydrase IX (CAIX) is one of the emerging
markers of tumor hypoxia (3, 23, 36). CAIX expression was
found to correlate with lowered O2 tension in tumors (36) and
may have prognostic significance in a variety of cancers (9, 15).
Previously, CAIX (also known as MN) was identified in a large
number of carcinomas but not in the corresponding healthy
tissues (48, 50; also see reference 23 and references therein).
Although its exact role in carcinogenesis is not known, it was
suggested that tumor-associated transmembrane CA isozymes
(CAIX and CAXII) may facilitate acidification of the extracel-
lular milieu surrounding the cancer cells and in this way pro-
mote tumor growth and spread (23, 24).

We and others have shown that expression of CAIX is pos-
itively regulated by low O2 tension via the HRE in the CA9
promoter, immediately upstream of the transcription start (28,
48).

HIF(s) plays a crucial role in cellular adaptation to condi-
tions of lowered oxygen supply (19, 42). In principle, by per-
turbing HIF activity p53 could lower the viability of hypoxic
cells by not allowing them to accumulate sufficient levels of
HIF-dependent effector molecules. The previous observations
that there is an accumulation of transcriptionally impaired p53
under hypoxic conditions (5, 33) raise the question of whether
this p53 is capable of regulating HIF-1-dependent transcrip-
tion. Because of the number of apparently contradictory re-
ports on the interplay between p53 and HIF-1 function (1, 7,
18, 40, 41), we wished to investigate the effects of the tumor
suppressor p53 on expression of the endogenous hypoxia
marker CAIX and CA9 promoter function. We asked the fol-
lowing questions. Is DNA damage required in addition to
hypoxic conditions for p53 activation? Will p53 activation have
any inhibitory effect on the activation of HIF-1-target genes? If
there is an effect, is it at the level of transcriptional regulation
or protein degradation? To address these questions we studied
endogenous CAIX expression and CA9 promoter activity in
wild-type (wt) p53 or p53-null cell lines in relation to p53 and
HIF-1� functions under conditions of hypoxia (0.5%-1.0% O2)
or a hypoxia-mimicking agent in the absence or presence of a
DNA-damaging agent.

MATERIALS AND METHODS

Sequences are written in the 5�-3� direction and numbers in brackets indicate
each position relative to the CA9 transcription start or the position in the
appropriate database entry. Kits, enzymes, antibodies and reagents were used
according to the manufacturers’ recommendations.

Plasmid constructions. The [�173,�31] and [�46,�14] CA9 promoter frag-
ments were cloned in pGL2 basic vector (Promega). 3�HRE-Luc and 3�PR1-
Luc constructs were generated by cloning three copies of the CAAGACATAC
GTGCTGTCTCA HRE and TGGGTGGGGGAGGAGCAAGCC PR1 (27)
sequences, respectively, into pLuc-MCS vector (Stratagene). The PG13-Luc con-
struct contains a multimerized p53 consensus binding sequence (32). The pCEP-
HIF-1� construct contains a HIF-1� cDNA inserted in the pCEP4 vector (43).
wt p53 plus V143A, N247I, R273P, and L22Q/W23S mutant p53 cDNAs were
expressed in the pCEP4 vector. The pRL-tk vector was obtained from Promega.

Cell lines and culture. Human breast carcinoma MCF-7, containing wt p53
(7), and p53-null osteosarcoma Saos-2 (11) cell lines were grown in Dulbecco’s
modified Eagle’s medium (BioWhittaker), supplemented with 10% fetal calf
serum (Life Technologies), 102 U of penicillin (Sigma) per ml, 102 �g of strep-
tomycin (ICN) per ml, and 125 ng of amphotericin B (Sigma) per ml. The human
colon cancer cell line HCT 116 p53�/�, containing wt p53, and its derivative HCT
116 p53�/�, which has both TP53 alleles disrupted (10), were cultured in Mc-

Coy’s 5A medium supplemented with 10% fetal calf serum and penicillin-strep-
tomycin. All cell lines were regularly tested for microbial contamination (44) and
were uniformly negative. The effect of the DNA-damaging drug mitomycin C
(MC) (Sigma) at 5 or 10 �g/ml (concentrations routinely used in a number of
other studies; e.g., see reference 6) on endogenous CAIX expression was tested
on cells that had been seeded at 10,000/cm2 and grown for 3 days. The cells were
plated at 40,000/cm2, pretreated with MC for 2 h, and exposed to a 1% O2

environment in a PROOX in vitro chamber (BioSpherix), controlled by the
PROOX instrument (model 110; BioSpherix), for 24 h in the presence of MC.
Alternatively, following pretreatment with MC, CAIX expression was induced
with 100 �M hypoxia-mimicking desferrioxamine mesylate (DFO) (Sigma) for
24 h. For cell density-dependent CAIX induction, the cells were plated at
160,000/cm2 and incubated in the presence of MC for 24 h. The mechanism of
HIF-1� degradation in MC-treated cells was studied in MCF-7 cells pretreated
with the proteasome inhibitor LLnV (Sigma) and MC for 90 min and then
exposed to normoxic or hypoxic (1% O2) conditions for 18 h in the presence of
both reagents.

MTT assay. MCF-7 and Saos-2 cells (20,000/100 �l) were transferred onto
96-well microtiter plates, incubated overnight, pretreated with MC for 2 h, and
exposed to 1% O2 for 24 h in the presence of MC. Each control and MC
concentration was run in triplicate. Cells were rinsed with phosphate-buffered
saline, 100 �l of medium containing 25 �l of a 5-mg/ml stock solution of 3-(4,5-
dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) was
added to each well, and the plates were incubated 4 h at 37°C. The cells were
then lysed with 100 �l of lysis buffer (2% [wt/vol] sodium dodecyl sulfate, 50%
[vol/vol] N,N-dimethylformamide, and 0.4% [vol/vol] glacial acetic acid) for 1 h
at room temperature. The color development was read at 595 nm in a Spectra-
Max 340 Microplate Reader (Molecular Devices), and the data were expressed
as the percent of the normoxic control.

Western blot analysis. Western blot analysis of CAIX and �-actin expression
was performed as described previously (28). Additional antibodies used were:
total p53 DO-1 (Santa Cruz Biotechnology), p-S15 and p-S20 phospho-p53 (Cell
Signaling Technology), and HIF-1� (BD Bioscience). For these antibodies, the
cells were lysed in lysis buffer I (20 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM
�-glycerophosphate, 1 mM Na3VO4, leupeptin [1 �g/ml], aprotinin [1 �g/ml], 25
mM NaF, 1 mM phenylmethylsulfonyl fluoride) for 20 min on ice. Lysates were
centrifuged (13,000 � g, 10 min, 4°C), and the protein concentration in super-
natant was measured with a BCA protein assay kit (Pierce). The insoluble pellet
remaining after the lysis in lysis buffer I was solubilized in lysis buffer II (62.5 mM
Tris-Cl [pH 6.8], 2% sodium dodecyl sulfate, 10% glycerol, 50 mM dithiothreitol,
0.01% [wt/vol] bromophenol blue) by passing it through a 27-guage needle at
least five times.

Transient-transfection assay. Cells were cotransfected with a CA9-driven fire-
fly luciferase reporter construct and pRL-tk expressing Renilla luciferase (inter-
nal control for transfection efficiency) as described previously (28). Effects of
cotransfected wt and mutant p53 (10 ng/12-well plate) on CA9 promoter activity
were tested in HCT 116 p53�/� cells. After exposure to the transfection mixture
for 24 h, the cells were trypsinized, transferred to plates at a concentration of
40,000 cells/cm2, and allowed to adhere for 3 h. The cells were then pretreated
with MC at 5 or 10 �g/ml for 2 h and exposed to 0.5% O2 or 100 �M DFO for
24 h in the presence of MC. Reporter assays were performed as described
previously (28). Promoter activities were expressed as the average ratio of firefly
to Renilla luciferase activities (� standard deviations [SD]) from at least three
independent experiments.

Reverse transcription (RT)- and real-time PCR. MCF-7 cells (6 � 105 plated
at 40,000 cells/cm2) were pretreated with MC (10 �g/ml) for 2 h, followed by
exposure to 1% O2 or 100 �M DFO for 16 h in the presence of MC. Total RNA
was isolated with an RNeasy Mini Kit (QIAGEN), and cDNA was synthesized
with ProtoScript first strand cDNA synthesis kit (New England Biolabs). cDNA
fragments were amplified with the following primer pairs: HIF-1� (accession no.
U22431), sense, GCAGCCAGATCTCGGCGAAG [101 to 120]; antisense, CT
GTGTCCAGTTAGTTCAAACTG [420 to 398]; CA9 (accession no.
NM_001216), sense, CTGTCACTGCTGCTTCTGAT [121 to 140]; antisense,
TCCTCTCCAGGTAGATCCTC [321 to 301]; �-actin (accession no.
NM_001101), sense, ACAACGGCTCCGGCATGTGCAA [105 to 126]; anti-
sense, CGGTTGGCCTTGGGGTTCAG [420 to 402]. PCRs were performed in
GeneAmp PCR System 9700 (PE Applied Biosystems) for 30 cycles: 94°C for
30 s, 56°C for 30 s, and 72°C for 30 s. Products were analyzed on a 1.5% agarose
gel.

Real-time PCR analysis was performed with the iCycler iQ Multicolor Real-
Time PCR Detection System using SYBR Green Supermix (both Bio-Rad).
Primers for HIF-1� were GCCGAGGAAGAACTATGAAC [558 to 577]
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(sense) and ATATTTGATGGGTGAGGAATGG [726 to 704] (antisense). The
same �-actin primers described above were used. cDNAs were amplified with the
following profile: 95°C for 4 min and 40 cycles of 94°C for 10 s and 56°C for 30 s.
The relative HIF-1� transcription for each sample was expressed as the ratio of
HIF-1� and �-actin values.

RESULTS

Induction of CAIX expression is not affected by the presence
of normal wt p53. Initially, we tested the effect of p53 status on
CAIX inducibility in the frequently used isogenic cell lines
HCT 116 p53�/� and HCT 116 p53�/� that differ only in
respect to the presence of p53 (10). Regardless of exposure to
hypoxia (0.5 to 1.0% O2) or the hypoxia-mimicking DFO, we
were unable to detect CAIX expression in either of the cell
lines. Subsequent analysis showed that the CA9 promoter was
highly methylated in these cells (I. Kuzmin, personal commu-
nication). Therefore, we chose the genetically more diverse
MCF-7 (wt p53) and Saos-2 (p53-null) cell lines for further
comparative studies. We asked whether presence or absence of
wt p53 would have any effect on CAIX expression, induced by
various treatments. In both cell lines tested, the basal CAIX
level was undetectable by Western blotting (Fig. 1A). CAIX
expression was readily stimulated by all tested treatments,
without appreciable differences in magnitude of induction (Fig.
1A). Similar observations were made with a number of other
cell lines with different p53 status (HeLa, wt p53, but function-
ally null due to human papillomavirus E6-mediated degrada-
tion; HT1080 6TG, two mutant p53 alleles; PC-3, p53 null;
data not shown). With the exception of DFO treatment, where
we observed a slight stabilization of p53 with accompanying
phosphorylation at S15 and S20 (Fig. 1A), the other two treat-
ments had no effect on p53 stability or phosphorylation at these
serine residues in MCF-7 cells (Fig. 1A). We therefore con-
clude that wt p53 is not activated under these conditions of
hypoxia and does not significantly affect induction of CAIX
expression under these conditions. The lack of activation of
p53 at this degree of hypoxia is consistent with the observations
of Koumenis et al. (33).

Effect of MC-inflicted DNA damage on CAIX expression in
wt and p53-null cell lines. Control, hypoxic, and overconfluent
(dense [160,000 cells/cm2]) MCF-7 cells contain almost unde-
tectable levels of p53 protein. Hypoxia does not stabilize or
activate the p53 with the exception of the hypoxia-mimic DFO
where a slight increase in phospho-p53 (S15 and S20) is seen
(Fig. 1A). Therefore, we asked whether activation of p53,
which is accomplished by exposing cells to the DNA-damaging
agent MC, would have any effect on CAIX expression. As can
be seen in Fig. 1A, there is a significant inverse relation be-
tween p53 activation and CAIX expression in hypoxic MCF-7
cells. MC treatment stimulates a considerable accumulation of
p53 that is phosphorylated at S15 and S20 (Fig. 1A). This
activated p53 is transcriptionally competent, as verified with
the PG13 reporter construct, containing multimerized p53 re-
sponse elements (Fig. 1B) and by detection of WAF-1 protein
in MC-treated cells by Western blotting (data not shown). We
also tested the effects of MC treatment on CAIX expression in
the p53-null Saos-2 cells. In contrast to MCF-7 cells, high levels
of CAIX (only slightly lower than those in the control hypoxic
cells) were detected in the MC-treated Saos-2 cells (Fig. 1A).
Following exposure to MC at 5 and 10 �g/ml for 24 h, only

moderate decreases in the total protein yields were observed
(Fig. 1A). In addition, to assess the cell viability under these
conditions, we performed an MTT assay. The viability of
treated cells was expressed as the percentages of viability of
control cells under normoxia (100%). For 1% O2, 1% O2 plus
MC at 5 �g/ml, and 1% O2 plus MC at 10 �g/ml the viabilities
were 91% � 3.6%, 91% � 6.6%, and 86% � 8.6%, respec-
tively, for MCF-7 cells and 90% � 4.7%, 90% � 7.6%, and
78% � 3.5%, respectively, for Saos-2 cells. This confirms that
the MC treatment at either concentration was not selectively
toxic for MCF-7 cells. We conclude that, despite some mar-
ginal p53-independent downregulation of CAIX observed in
p53-null Saos-2 cells, activation of wt p53 is associated with a
strong inhibitory effect on CAIX expression.

Effect of MC-inflicted DNA damage on CA9 promoter activ-
ity in wt and p53-null cell lines. Next, we studied whether wt
p53 exerts its inhibitory effect on CAIX expression at the
transcriptional level. To this end, we probed the effects of MC
treatment on activity of the luciferase reporter construct,
driven by the [�46, �14] CA9 promoter fragment. In addition
to the transcription start site, this CA9 fragment contains only
two characterized regulatory elements: HRE (48) and the SP1/

FIG. 1. (A) Effect of MC treatment on CAIX expression in wt p53
MCF-7 and p53-null Saos-2 cells. Cells were seeded at 40,000/cm2 (1%
O2 and DFO) or 160,000/cm2 (density), allowed to attach for 5 h,
pretreated with MC for 2 h, and exposed to 1% O2 or 100 �M DFO for
24 h in the presence of MC. Total protein lysates (40 �g) were tested
for CAIX, total p53 (DO1), phospho p53 (S15 and S20), and �-actin by
Western blotting. Total protein yield is expressed as percentages of
control. (B) p53 transactivation effects in MCF-7 and Saos-2 cells.
Cells were cotransfected with the PG13 (containing 13 copies of the
p53 response element and the firefly luciferase gene) and pRL-tk
(expressing Renilla luciferase) plasmids. After 16 h the transfectants
were trypsinized, seeded at 40,000 cells/cm2, and treated as in panel A.
p53 activity is expressed as the ratio of firefly activity to Renilla activity,
and each of the bars represents the mean value (x � SD) from at least
three individual experiments.

VOL. 24, 2004 ACTIVATED p53 DOWNREGULATES HIF-1� AND CAIX EXPRESSION 5759



SP3-binding PR1 domain (31). Transient-transfection experi-
ments confirmed induction of CA9 promoter activity by hy-
poxia (0.5% O2) and DFO in both MCF-7 and Saos-2 cells. A
slightly higher magnitude of induction was observed in Saos-2
cells (Fig. 2). MC inhibited promoter activity in a dose-depen-
dent manner in MCF-7 cells, whereas no inhibitory effect was
seen in Saos-2 cells. Therefore, MC exerts its inhibitory effect
on CAIX expression in a p53-dependent way by interfering
with CA9 promoter inducibility, presumably by targeting tran-
scription factors that are critical for CA9 promoter function.

Identification of regulatory elements within the CA9 pro-
moter whose function is inhibited by activated wt p53. Previous
deletion and mutational analysis identified the HRE (29, 48)
and SP1/SP3 binding PR1 sites (29, 31) as the most critical
regulatory elements in the CA9 promoter, and inhibition of
either is sufficient to downregulate the CA9 promoter function
(29). We wished to identify which of these regulatory elements
is targeted by activated p53 in MCF-7 cells. We found that
activity of the reporter constructs with a single copy of HRE or
PR1 in front of a heterologous promoter was not significantly

increased in response to hypoxic treatment (data not shown).
Therefore, we tested effects of MC on activity of reporter
constructs driven by multiple copies of these elements in front
of a minimal TATA-box-containing promoter. The activities of
both constructs were induced significantly by exposure to hy-
poxia or DFO (Fig. 3). Although both constructs showed a
lower level of induction following MC treatment, the HRE-
driven construct was significantly more affected (Fig. 3). The
inhibition profile of the HRE-driven construct (Fig. 3) strongly
resembles that of the CA9 promoter (Fig. 2), suggesting that, at
least in the cells tested, HIF-1 may be the most important
target for the inhibitory effect of p53 on CA9 promoter trans-
activation.

Activated p53 downregulates HIF-1� levels in MCF-7 cells.
Having identified HRE as the primary target for the p53-
mediated inhibitory effect on CA9 promoter activity, we wished
to address the corresponding mechanism. In principle, HRE-
dependent transcription can be modulated by two different
mechanisms: (i) through availability of HIF-1�, the regulatable
component of HIF-1 (47), or (ii) through regulation of p300/

FIG. 2. The effect of MC treatment on CA9 promoter activity in MCF-7 and Saos-2 cells. Cells were cotransfected with the [�46, �14] CA9
reporter construct (containing firefly luciferase gene) and pRL-tk for 16 h, trypsinized, seeded at 40,000/cm2, allowed to attach for 5 h, pretreated
with MC for 2 h, and exposed to 0.5% O2 or 100 �M DFO for 24 h in the presence of MC. CA9 promoter activity was expressed as the ratio of
firefly activity to Renilla activity and set as 1 in control cells (21% O2). Activities under various treatments are expressed as the level of induction
relative to the control, and each of the bars represents the mean value (x � SD) from at least three individual experiments.

FIG. 3. The effect of MC treatment on PR1 and HRE activity in MCF-7 cells. Cells were cotransfected with 3 � PR1-Luc or 3 � HRE-Luc
and pRL-tk as in Fig. 2. Promoter activities are expressed as in Fig. 2.
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CBP that acts as an essential cofactor for HIF-1 (4, 7). To
investigate these possibilities, we initially measured the
amounts of HIF-1� protein in MC-treated MCF-7 cells by
Western blotting. As expected, HIF-1� is undetectable in con-
trol cells, but it is readily stabilized in hypoxic cells (Fig. 4A).
Regardless of the mode of induction, MC treatment decreased
amounts of the HIF-1� protein in a dose-dependent manner in
MCF-7 cells (Fig. 4A). Conversely, in p53-null Saos-2 cells MC
treatment had no effect on the amount of stable HIF-1� pro-
tein (Fig. 4A). The conclusion that downregulation of HIF-1�
is the primary cause of the inhibitory effect of activated wt p53
on the CA9 promoter was further strengthened by cotransfec-
tion experiments with HIF-1� cDNA. Overexpression of
HIF-1� counteracts the inhibitory effect of MC treatment and
confirms that the observed decreased CA9 promoter activity is
due to decreased availability of HIF-1� (Fig. 4B). These results
suggest that p53 downregulates HIF-1� protein levels either by
inhibiting transcription of the HIF 1� gene and/or increasing
the degradation rate of HIF-1� protein.

MC-activated p53 stimulates degradation of HIF-1� by the
proteasome pathway without interfering with HIF-1� tran-
scription. Next, we investigated whether transcriptionally com-
petent p53, induced by MC treatment, downregulates HIF-1�
through repressing its transcription. RT-PCR revealed no dif-
ferences in HIF-1� mRNA levels in control and MC-treated
MCF-7 cells (Fig. 5A). This observation was further supported
by the results of real-time PCR (Fig. 5B). HIF-1� transcrip-
tion, normalized to �-actin transcription and expressed in ar-
bitrary units, was 2.36 � 0.18 and 1.32 � 0.2 for DFO- and
DFO-MC-treated cells, respectively, and 1.89 � 0.13 and 1.22
� 0.1 for 1% O2- and 1% O2–MC-treated cells, respectively.
Although real-time PCR indicated a decrease in HIF-1� tran-
scription in MC-treated cells (1.79-fold for DFO and 1.55-fold
for 1% O2), this decrease is not sufficient to account for the

decreased overall HIF-1� protein levels under these condi-
tions. In fact, the real-time PCR results indicate a greater
(albeit modest) decrease in transcription in the DFO-MC cells
than 1% O2–MC cells. However, the levels of HIF-1� protein
(Fig. 4A) in the 1% O2–MC cells are significantly less than
those in the DFO-MC cells.

RT-PCR also confirmed a tight control of CA9 transcription,
corresponding to the observed CAIX expression pattern. The
CA9 signal is below detectable levels in control cells, induced
considerably by hypoxia or hypoxia-mimicking treatment, and
downregulated in the presence of MC (Fig. 5A). We next
studied the involvement of the proteasome pathway in down-
regulation of HIF-1� by activated p53. Pretreatment with the
proteasome inhibitor LLnV for 90 min followed by 1% hypoxia
for 18 h resulted in a significant increase in the level of the
HIF-1� protein (Fig. 5C). Surprisingly, HIF-1� levels detected

FIG. 4. (A) The effect of MC treatment on HIF-1� levels in MCF-7
and Saos-2 cells. Cells were seeded at 40,000/cm2 and treated as de-
scribed in Fig. 1A. Total protein lysates (40 �g) were tested for HIF-1�
and �-actin by Western blotting. (B) Cotransfected HIF-1� rescues
CA9 promoter activation in MC-treated MCF-7 cells. Cells were co-
transfected with the [�173, �31] CA9 reporter construct, pRL-tk, and
500 ng of pCEP4 (EV) or pCEP-HIF-1� (HIF-1�) as in Fig. 2. CA9
promoter activity in the presence of EV in control cells (21% O2) was
set as 1, and the rest is expressed as the level of induction as in Fig. 2.

FIG. 5. (A) RT-PCR analysis of HIF-1� and CA9 transcription in
MC-treated MCF-7 cells. Cells were seeded and treated as in Fig. 1A
and were harvested 16 h later, and total RNA was isolated, reverse-
transcribed, and amplified. NC, negative control. (B) Real-time PCR
analysis of HIF-1� transcription in MC-treated MCF-7 cells. The rel-
ative HIF-1� transcription for each sample was expressed in arbitrary
units as the ratio of HIF-1� and �-actin values. (C) MC-activated p53
accelerates proteasome-dependent degradation of HIF-1� in MCF-7
cells. Cells were pretreated with MC and LLnV for 90 min, exposed to
1% hypoxia for 18 h in the presence of both reagents, and lysed in lysis
buffer I. Insoluble pellet was solubilized in lysis buffer II, and both
fractions were tested for HIF-1�, phospho-p53 (S15), and �-actin by
Western blotting.
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in cells pretreated with LLnV and MC were significantly lower
(Fig. 5C). This unexpected observation was elucidated when
we found that under these conditions almost all of the HIF-1�
protein was insoluble in lysis buffer I. Solubilization of the
remaining insoluble fraction in lysis buffer II revealed the pres-
ence of considerable amounts of HIF-1� protein (Fig. 5C).
The total amount of HIF-1� in the soluble and insoluble frac-
tions was approximately the same, suggesting that proteasome
function is required for p53-dependent downregulation of
HIF-1�. Therefore, we conclude that acceleration of protea-
some-mediated degradation is responsible for downregulation
of HIF-1� by MC-activated p53.

The effect of MC-treatment on CA9 promoter activity in
HCT 116 p53�/� and p53�/� cells. Finally, we sought to
strengthen our conclusions about the relationship between
p53, HIF-1�, and CAIX in the pair of isogenic p53�/� and
p53�/� HCT 116 cells. Despite the fact that neither cell line
expressed endogenous CAIX, preliminary experiments indi-
cated that an exogenous, transfected CA9 promoter activity
was induced by hypoxic treatment in these cells (data not
shown). Therefore, we studied CA9 promoter activation and
the effect of MC treatment in parallel in transiently transfected
HCT 116 p53�/� and p53�/� cells. Our results, illustrated in
Fig. 6, show that under normoxic conditions the basal activity
in the p53�/� cells was approximately 1.5-fold higher than that
in p53�/� cells. Following the MC treatment, this basal activity
was suppressed markedly in p53�/� cells and unchanged in
p53�/� cells. In response to hypoxia (0.5% O2) or exposure to
the hypoxia-mimicking DFO, strong induction (8-fold) of CA9
promoter activity was observed that was again higher (1.5-fold)
in p53�/� cells. Notably, MC elicited inhibition of promoter
activity in the p53�/� cells but not in the p53�/� cells. Thus,
the requirement for activated p53 for MC-induced inhibition
of CA9 promoter observed in the paired p53�/� and p53�/�

isogenic HCT 116 cells confirms our previous observation in
the more genetically diverse MCF-7 and Saos-2 cells.

MC-induced degradation of HIF-1� is dependent on p53
activation in HCT 116 cells. Next we investigated the profile of
HIF-1� response to MC treatment in HCT 116 p53�/� and
p53�/� cells. MC decreased hypoxia- and DFO-induced

HIF-1� levels in p53�/� but not in p53�/� HCT 116 cells (Fig.
7). Unlike in MCF-7 cells, total p53 protein levels were de-
tected in control, hypoxic, and DFO-treated p53�/� cells (Fig.
7). However, S15 phosphorylation on p53 (an indicator of p53
activation) occurred only following MC treatment (Fig. 7), thus
confirming the correlation between activated p53 and de-
creased HIF-1� levels previously observed in MCF-7.

Effect of ectopically expressed wt and mutant p53 on the
CA9 promoter in HCT 116 p53�/� cells. Previously it was
reported that the transcriptionally inactive mutant p53, mu-
tated in its DNA binding domain, retained the ability to inhibit
HIF-1 transcriptional activity, whereas a double mutant in the
p53 transactivation domain lost this inhibitory function (7). To
test the inhibitory effect of various p53 mutants on CA9 pro-
moter activity, we coexpressed wt or mutant p53 with the
[�173,�31] CA9 promoter fragment in HCT 116 p53�/� cells
and measured the reporter activity. As can be seen in Fig. 8, wt
p53 strongly suppressed the basal and hypoxia-induced re-
porter activity, whereas the 143A, 247I, 273P, and L22Q/W23S
mutants failed to do so. The apparent activation of the CA9
promoter in the presence of MC is due to the effect of MC on
the internal control pRL-tk. In the HCT 116 p53�/� cell line,
MC treatment downregulated activity of the thymidine kinase

FIG. 6. Effect of MC treatment on CA9 promoter activity in HCT 116 p53�/� and p53�/� cells. Cells were cotransfected with the [�173, �31]
CA9 reporter construct and pRL-tk as in Fig. 2. CA9 promoter activity in p53�/� cells under normoxic conditions was set as 1, and the rest is
expressed as the level of induction as in Fig. 2.

FIG. 7. Effect of MC treatment on HIF-1 � levels in HCT 116
p53�/� and p53�/� cells. Total protein lysates were prepared as in Fig.
4A and tested for HIF-1�, total p53 (DO1), phospho-p53 (S15), and
�-actin by Western blotting.
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promoter in a p53-independent manner. Thus, downregulation
of the internal control, not transactivation of the CA9 pro-
moter construct, increased the ratio of firefly activity to Renilla
activity in the presence of MC. Unlike the previous report (7),
we observed the loss of repressing activity on CA9 promoter
activity with all transcriptionally impaired p53 mutants, not
only the double mutant in the transactivation domain. These
results with ectopically expressed p53 confirm that wt p53 in-
deed confers a strong negative regulation on the CA9 pro-
moter. Transcriptionally impaired mutant p53s were neutral in
respect to CA9 promoter function, indicating that transcrip-
tional transactivational activity of p53 is required for the in-
hibitory effect of p53 on HIF-1-driven transcription. However,
as noted above, this is not a direct effect on transcriptional
activation of the HIF-1� promoter itself.

DISCUSSION

The fact that the tumor suppressor p53 is the most com-
monly mutated tumor suppressor gene in human cancers un-
derscores the importance of impairing its function in tumori-
genesis (20). Before developing their full potential, tumor cells
have to escape p53-imposed controls at the level of cell cycle
checkpoints and apoptosis (46). The p53 network is normally
in an “off” mode and it becomes activated only when cells are
damaged or stressed (46). Thus, p53 can be activated by DNA
damage, aberrant growth signals from oncogenes, and chemo-
therapeutic drugs (46). p53 activation was implicated in hy-
poxia-induced apoptosis (17), but its inadequate transcrip-
tional activation led to separating transcriptional repression
and apoptotic function from p53-dependent transactivation
(33). However, a more recent report concludes that induction
of functionally impaired p53 is not necessarily a hypoxia-spe-
cific event but rather the consequence of inhibition of DNA
replication (18). These studies, together with the other recently
published reports that differ with respect to the effect of p53

status on HIF-1 activity, as well as expression of hypoxia-
inducible genes (1, 7, 18, 19, 40, 41), prompted us to seek
further elucidation of the role p53 plays in regulation of HIF-
1-dependent transcription. To this end, we investigated expres-
sion patterns of the hypoxia marker CAIX in cell lines differing
in p53 status.

We found that hypoxia-induced CAIX expression was inde-
pendent of p53 status, as no difference was observed between
MCF-7 (wt p53) and Saos-2 (p53-null) cells. The [�46, �14]
CA9 promoter construct was also readily inducible by hypoxia
in both cell lines. To verify whether the higher inducibility of
the CA9 promoter observed in Saos-2 cells is indeed due to the
absence of p53 in these cells or some other cell-type-specific
differences, we used the pair of isogenic cell lines HCT 116
p53�/� and HCT 116 p53�/� (10). Although neither of the cell
lines shows endogenous CAIX expression, exogenous CA9
promoter activity via transfection was inducible by hypoxia in
both cell lines, and in p53-null cells it was 1.5-fold higher than
in the wt-p53-containing counterparts. Based on these results,
it appears that hypoxia activates CAIX expression regardless of
p53 status, the only difference being a slightly higher activation
of the CA9 promoter in p53-null cells.

In addition to other stimuli of p53 activation, it has been
proposed that hypoxia stabilizes p53 (14, 18, 33). Although
phosphorylation of p53 at S15 and S37 was observed in RKO
and 293T cells exposed to severe hypoxic conditions (0.02%
O2) or DFO (18), it was also shown that hypoxia-induced
phosphorylated p53 is transcriptionally impaired (5, 33). Even
under conditions where p53 was stabilized and phosphorylated,
it did not have any effect on HIF-1� stability (18). In our
studies, although we did observe some increase in stabilization
of the p53 protein and phosphorylation at S15 and S20 in
DFO-treated MCF-7 cells, this was approximately 20-fold less
than in MC-induced cells. Compared to control cells that have
no activated p53 (46), p53 activation in cells exposed to hy-

FIG. 8. The effect of cotransfected wt and mutant p53 on CA9 promoter activity in HCT 116 p53�/� cells. Cells were cotransfected with the
[�173, �31] CA9 reporter construct, pRL-tk, and 10 ng of pCEP4 (EV) or a construct expressing wt or mutant p53 as in Fig. 2. CA9 promoter
activity in the presence of EV under normoxic conditions was set as 1, and the rest is expressed as the level of induction relative to the control.
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poxia or hypoxia mimic is barely detectable and appears insuf-
ficient for interfering with activation of hypoxia-dependent
transcription. However, activation of p53 by MC inflicted DNA
damage potently repressed hypoxia-induced CAIX expression
in wt p53 MCF-7 cells but not in p53-null Saos-2 cells. MC
treatment in MCF-7 cells elicited considerable stabilization
and phosphorylation of wt p53 at S15 and S20.

The HRE within the CA9 promoter was identified as the
primary target of MC-mediated inhibition of CA9 expression.
Furthermore, we showed that MC treatment decreased the
steady-state levels of HIF-1� protein in MCF-7 but not in
Saos-2 cells. The decreased level of HIF-1� protein appears to
be responsible for downregulation of CA9 transcription follow-
ing MC-inflicted DNA damage as this can be relieved by
HIF-1� overexpression. The mechanism responsible for de-
creased HIF-1� levels in cells with activated p53 is accelerated
targeting of HIF-1� protein for proteasome-mediated degra-
dation, as this decrease was not observed in the presence of the
proteasome inhibitor LLnV. The combination of the protea-
some inhibitor LLnV, MC, and hypoxic conditions resulted in
accumulation of HIF-1� protein in the insoluble fraction, but
the total amounts in soluble and insoluble fractions combined,
both in the presence of LLnV alone and LLnV and MC, were
approximately the same. Accumulation of HIF-1 � protein in
the detergent-insoluble fraction has been described previously
under the conditions of a combination of proteasome and
Hsp90 inhibition (21). This report, together with our observa-
tion, may indicate a general tendency of HIF-1 � to aggregate
into detergent-insoluble complexes due to proteasome inhibi-
tion and the resulting higher HIF-1 � concentration. This ten-
dency may be further aggravated in the presence of MC that
may influence the insolubility of HIF-1 � under these condi-
tions.

Observations made in MCF-7 and Saos-2 cells were again
confirmed in hypoxic HCT 116 p53�/� and HCT 116 p53�/�

cells, where the inhibitory effect of MC treatment on CA9
promoter activity and steady-state levels of HIF-1 � were also
dependent on sufficient activation of p53. Together, these re-
sults demonstrate that, upon stabilization and activation, wt
p53 is capable of interfering with hypoxic induction of CAIX
via inhibiting HIF-1 activity due to increased proteasome-me-
diated proteolytic degradation of the HIF-1� protein. Thus,
these results suggest the existence of another mechanism of
regulating HIF-1� protein levels via proteasomal degradation.
Another intriguing aspect of these results is the localization of
the HIF-1� protein to the insoluble fraction following DNA
damage, in the presence of proteasome inhibitors. The func-
tional importance of the observed insolubility of the HIF-1�
protein is currently under investigation.

Our observations are at variance with the previously pub-
lished conclusions about regulation of tumor angiogenesis by
p53 in the same model of HCT 116 p53�/� and p53�/� cells
(40). The authors of that study observed decreased levels of
HIF-1 � protein in p53�/� (compared to p53�/�) cells in which
p53 was not activated (40). However, no differences in HIF-1�
levels between HCT 116 p53�/� and p53�/� cells were ob-
served in another recent report (1). The reason for these dis-
crepancies is not clear; even though the control HCT 116 cells
contain relatively high levels of p53, this p53 is not activated as
concluded from the absence of phosphorylation at S15. In all

cell lines tested in this study, p53 had to be activated by the
DNA damaging agent MC before its inhibitory effect on
HIF-1� could be manifested.

The authors of another study came to the conclusion that
p53 inhibits hypoxia-inducible transcription because of compe-
tition for the transcriptional coactivator p300, despite the fact
that overexpression of p300 did not relieve the inhibition (7).
However, regulation at the HIF-1 level was not considered and
HIF-1� levels (mRNA, protein) were not measured. We also
tested the possible role of p300 in p53-mediated inhibition of
hypoxia-inducible transcription. We found that activation of
p53 had no effect on p300 levels in MCF-7 cells, and overex-
pression of p300 did not overcome the inhibitory effect of p53
on transcription from the CA9 promoter (data not shown).
This suggests that, at least in MCF-7 cells, p300 function is not
inhibited by p53 and the inhibitory effect of p53 is exerted at
the level of degradation of HIF-1� protein. These authors also
reported that the 273H p53 mutant still repressed transcription
driven by the erythropoietin HRE and only the L22Q/W23S
double mutant was defective (7). In our study, neither of the
transcriptionally incapacitated p53 mutants (mutated in the
DNA binding or transactivation domain) was able to interfere
with hypoxic induction of the CA9 promoter.

To date, no systematic typing of the p53 status of CAIX-
expressing tumors has been performed. Available data on
CAIX expression in various cell lines do not support the notion
that CAIX expression associates with a particular p53 status. In
one study the most efficient CAIX-expressing cell lines
(U373MG, HCT-15, and HT-29) were deficient in p53 function
(23), whereas in another study a number of wt-p53-harboring
cell lines (A549, U2-OS, and HBL-100) readily expressed
CAIX (48). Very little difference in CAIX expression level was
also observed in the breast cancer cell lines MDA-MB-231
(mutant p53) and ZR-75.1 (wt p53) (49).

A number of conflicting studies on the effects of p53 on the
transcriptional activation of another hypoxia-regulated gene,
coding for the vascular endothelial growth factor (VEGF),
have been published. In an early report, wt p53 was shown not
to repress hypoxia-induced transcription of VEGF (2). On the
other hand, a link between an impaired p53/MDM-2 pathway
and increased VEGF expression was observed in angiosarco-
mas (52). The loss of p53 function in tumor cells was postu-
lated to enhance HIF-1 � levels and augment HIF-1-depen-
dent transcriptional activation of VEGF (40). At least two
other reports showed that wt p53 can repress VEGF expression
by modulating the transcriptional activity of the SP1 factor (38,
51), suggesting that HRE/HIF-1 may not always be the primary
p53 target in VEGF transcriptional regulation and pointing out
alternative mechanisms for p53-mediated downregulation of
VEGF.

Our preliminary results with HREs from the lactate dehy-
drogenase A and erythropoietin genes (data not shown) sug-
gest that the p53-dependent inhibitory effect observed with the
CA9 HRE is general and, therefore, MC treatment will result
in downregulation of activation of other hypoxia-inducible
genes in a wt-p53-dependent manner.

The importance of elucidating the relationship between p53
and CAIX is obvious. In this and earlier studies (30, 35) we
examined whether p53 can modulate induction of CAIX ex-
pression. Even though we did not find an inhibitory relation-
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ship between the nonactivated p53 and CAIX expression, we
did observe a considerable inhibitory effect of activated wt p53
on CAIX expression. Modalities used for cancer therapy fre-
quently employ DNA-damaging agents (e.g., chemotherapy or
ionizing radiation) that generally induce p53. This means that
the efficacy of CAIX (and possibly other HIF-1-dependent
gene products)-targeted immunotherapy of tumors (13, 26) or
HRE-driven expression constructs for cancer gene therapy
(39) would be seriously compromised in wt-p53-containing tu-
mors treated with DNA-damaging agents. Given the emerging
consensus on the critical role of HIF-1 in tumor progression,
new therapeutic approaches selectively targeting HIF-1 activity
are being developed (19, 42). On the basis of observations
presented in this report, it seems reasonable to speculate that
the inhibitory effect of activated p53 on HIF-1 activity could
be, at least in part, responsible for the well-documented anti-
tumor effects of DNA-damaging agents.

Our understanding of the p53/HIF-1�/CAIX relationship is
outlined in Fig. 9. Under normoxic conditions, both HIF-1�
and p53 are rapidly degraded and there is no CAIX expression.
Hypoxic conditions (0.5 to 1.0% O2) stabilize HIF-1� and
activate HIF-1-dependent expression of CAIX. Under these
conditions, p53 levels and activation are insufficient to exert an
inhibitory effect on this process. Hypoxic cells treated with a

DNA-damaging agent have high levels of activated p53, and
consequently this p53 accelerates proteasome-mediated deg-
radation of HIF-1�. These cells, therefore, have much lower
steady-state levels of HIF-1� and CAIX. It should be noted
that more extreme levels of hypoxia (�0.02% O2) in the ab-
sence of DNA damage stabilize p53 but it is transcriptionally
impaired and does not affect HIF-1� levels (5, 33).

Our data are consistent with the notion that even extreme
conditions of hypoxia, which regionally exist in solid tumors,
are likely to result only in stabilization of transcriptionally
impaired p53. Although this may play some role in apoptosis
induction (17), it is unlikely to affect the stabilization of
HIF-1� protein and HIF-1-dependent activation of target
genes, such as CA9 and VEGF, etc. Our studies indicate that
the critical element involved in downregulation of HIF-1� un-
der hypoxic conditions is activation of p53, by DNA damage or
some other stress-related events. The mechanism by which this
p53-mediated degradation occurs is currently under investiga-
tion. An attractive candidate for this mechanism is Mdm2, an
E3 ubiquitin ligase that has been shown to target p53 (34) and
other proteins (16) for proteasomal degradation. Furthermore,
HIF-1� and Mdm2 proteins have been reported to directly
interact (12). In preliminary studies where we tested the in-
volvement of Mdm2 in proteasomal degradation of HIF-1� by
overexpressing dominant-negative forms of Mdm2 in MCF-7
cells in the presence of MC we saw no obvious effects (data not
shown). Thus, the mechanism of p53-mediated proteasomal
degradation of HIF-1� remains unknown and is the subject of
further studies.
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